We define an active blind thrust system in offshore southern California that extends from Los Angeles south to the United States-Mexico international border. These blind thrusts formed by tectonic inversion of Miocene extensional detachments. We attribute the 1986 Oceanside (M L 5.3) earthquake, local uplift of marine terraces, seafloor fold scarps, and observed geodetic convergence to motion on these faults. Single and multisegment fault rupture scenarios suggest the potential for large (M 7.1-7.6) but infrequent earthquakes that would affect the Los Angeles and San Diego metropolitan areas.
INTRODUCTION
The importance of blind thrust faults as sources of destructive earthquakes in southern California was demonstrated by the 1994 Northridge (M 6.7) event, which caused more than $35 billion in damage to metropolitan Los Angeles (U.S. Geological Survey and Southern California Earthquake Center Scientists, 1994) . Similar blind thrusts have been proposed to underlie much of the Los Angeles basin (Davis et al., 1989; Schneider et al., 1996; Shaw and Suppe, 1996; Shaw and Shearer, 1999) . In this paper we show that active thrusting extends to the offshore California Borderlands, on the basis of analysis of more than 10 000 km of seismic reflection data. These thrusts reactivate Miocene extensional detachments (Crouch and Suppe, 1993) , and may pose significant hazards to coastal California.
OCEANSIDE AND THIRTYMILE THRUSTS
Recent studies invoke low-angle normal faults in the Neogene formation of the Inner California Borderlands and rotation of the Transverse Ranges (Luyendyk and Hornafius, 1987; Crouch and Suppe, 1993; Nicholson et al., 1994; Bohannon and Geist, 1998; Ingersoll and Rumelhart, 1999) . Through detailed mapping and structural modeling, we demonstrate that two of these faults, the Oceanside and Thirtymile Bank detachments, extend south from Laguna Beach and Catalina Island, respectively, to at least the United StatesMexico international border (Fig. 1) . The extensional nature of these faults is reflected in the normal separation of basement ( Figs. 1 and 2) , and in the presence of extensional folds (rollovers) and Miocene growth structures (Crouch and Suppe, 1993; Bohannon and Geist, 1998) .
Here we document that large portions of these detachments have been reactivated to form the Oceanside and Thirtymile Bank blind thrusts, which compose the Inner California Borderlands blind thrust system. Tectonic inversion of the Oceanside detachment is reflected by a submarine fold-and-thrust belt located offshore between Dana Point and Oceanside (Fisher and Mills, 1991) ( Fig. 2A) . In contrast to the extensional features, these contractional structures deform Pliocene and younger strata, and are commonly associated with pronounced seafloor fold scarps. These structures do not cut or fold the detachment. Thus, we interpret that they sole into the Oceanside thrust.
The Oceanside thrust is mapped over an area of more than 1800 km 2 . In migrated seismic reflection profiles, the thrust is imaged as a coherent set of strong reflections that dip to the northeast between 14° and 25° (Fig. 2) . The thrust extends south along the Coronado Banks to the international border near San Diego Bay (Fig. 1) . At Coronado Banks, thrusting is reflected by tectonic inversion of the Coronado Bank detachment ( Fig. 2B and 2C ) Sorlien et al., 1993) .
The Thirtymile Bank thrust is west of the Oceanside fault, and also originated as an extensional detachment (Legg et al., 1992) . The fault defines an almost linear, continuous scarp extending from southwest of Catalina Island to Thirtymile Bank (Fig. 1) . The hanging wall of the thrust contains Neogene synrift strata that are gently folded in a manner consistent with thrust inversion of the underlying fault.
Growth strata in contractional folds above the Oceanside and Thirtymile Bank thrusts suggest that thrusting began in the Pliocene. The shallow, east-vergent fold-and-thrust belt above the Oceanside thrust between Dana Point and Oceanside is the most direct evidence for this tectonic inversion. Folds in this belt generate pronounced seafloor scarps that persist for ~30 km. Although these scarps may reflect recent activity of the underlying Oceanside thrust (Fig. 2) , they are not definitive; we lack precise age control on seafloor sediments. However, young contractional folds also occur along the coast and involve dated marine terraces. These structures record recent fault activity that may be attributed to the Oceanside thrust.
The San Joaquin Hills are at the southern margin of the Los Angeles basin, where the mapped part of the Oceanside thrust extends onshore. The hills are formed by a northeast-vergent anticline that uplifts and deforms marine terraces. Grant et al. (1999) proposed that the fold is developed above an active, southwest-dipping blind thrust that slips at a rate of ~0.42-0.79 mm/yr, based on uplift rates of 0.21-0.27 mm/yr. Our seismic data image the offshore extension of this structure (Fig. 3) , and confirm that it formed above a shallow blind thrust with an average southwest dip value of 23°. However, this shallow fault is restricted to the hanging wall of the Oceanside thrust; at depth, we interpret that this shallow fault soles into the thrust, forming a structural wedge (Medwedeff, 1992; Mueller et al., 1998) . We combined the observed dip values for the backthrust system (23°) and the Oceanside thrust (14°-25°) with the uplift rate at the San Joaquin Hills into a structural wedge model and calculated a slip rate on the thrust of 0.27-0.41 mm/yr. This slip rate yields an uplift rate above the Oceanside thrust, in the absence of the backthrust, of 0.07-0.17 mm/yr. This result is compatible with the observed 0.13-0.17 mm/yr uplift rate of marine terraces south of the San Joaquin Hills, which extend to San Diego and into northern Mexico (Lajoie et al., 1979 (Lajoie et al., , 1992 Barrie and Gath, 1992; Kern and Rockwell, 1992) (Fig. 1) . If the Oceanside blind thrust is responsible for all or part of this coastal uplift, it implies that the thrust is active far to the south of the San Joaquin Hills.
We consider the calculated slip rates for the Oceanside thrust to be minimum values because they are derived from uplift rates, which may be affected by isostatic compensation and/or flexural subsidence that may occur due to crustal thickening (Shaw et al., 1994) . To govern maximum slip rates, we use geodetic observations that indicate as much as 2 mm/yr of northeast-southwest (N43°E) convergence between Catalina Island and the coast (Kier and Mueller, 1999) . Given that shortening produced by the Oceanside thrust should not exceed this value, we calculate a maximum slip rate for the thrust of 2.2 mm/yr. Similarly, the slip rate of the Thirtymile Bank thrust should be no more than 0.96 mm/yr, such that the resultant shortening does not exceed the geodetic convergence rate of 0.86 mm/yr calculated between Catalina Island and San Clemente Island (Kier and Mueller, 1999) , which is west of the Thirtymile Bank thrust.
To further define activity on the Inner Borderlands thrust system, and to determine if these faults are seismogenic, we sought to establish the origin of the 1986 Oceanside (M L 5.3) earthquake. The mainshock had a dominant component of thrust movement, whereas many of the aftershocks were strike slip (Hauksson and Jones, 1988) . Astiz and Shearer (2000) relocated the mainshock and aftershocks of the Oceanside earthquake by using the L 1 -norm waveform cross-correlation method and quarry blast information from Catalina Island. The relocated earthquake sequence is clustered at ~8 km depth, and defines a 25°-30° east-dipping surface (Fig. 4) . The orientation and position of the fault plane are consistent with the downdip projection of the Thirtymile Bank thrust. Thus, we suggest that the earthquake ruptured a small part of the thrust, revealing the activity and seismogenic potential of thrust faults in the Inner California Borderlands.
SEISMIC HAZARDS
We assess the seismic hazard posed by these blind thrusts using fault areas to predict earthquake magnitudes and recurrence intervals based on empirical relations among rupture area, slip rate, and moment magnitude (Wells and Coppersmith, 1994) . Lacking direct evidence of fault segmentation, we consider complete ruptures of the faults and thus maximum earthquake magnitudes, although ruptures may occur in smaller and more frequent events.
We defined the seismogenic fault area as the interval between 5 km depth and the base of the seismogenic crust at 20 km depth. If the Oceanside thrust ruptures only along the extent of the San Joaquin Hills (1390 km 2 ), this would produce an earthquake of M w 7.1. This magnitude is similar to that proposed for a south-dipping blind thrust (Grant et al., 1999) , but invokes an opposed northeast-dipping seismic source. We contend, however, that the Oceanside and Thirtymile Bank thrusts are active over a region much larger than the extent of the San Joaquin Hills, on the basis of the Oceanside earthquake, coastal uplift, seafloor scarps, and observed geodetic shortening. To define these larger potential rupture areas, we must first address the interaction of these thrusts with active strike-slip faults in the region (Fig. 5) . The Newport-Inglewood-Rose Canyon fault system is above or adjacent to the Oceanside thrust. Similarly, the San Diego trough strike-slip fault is above the Thirtymile Bank thrust.
We propose four possible interactions between these two classes of faults, each solution invoking a different fault geometry at depth that influences hazard estimates. One solution would have younger strike-slip faults cutting and precluding further activity on older thrusts (Fig. 5A) . We contend that this solution is incompatible with the seismologic, geodetic, and geologic evidence supporting present activity on the thrust system. A second solution would have the thrusts terminate in the strike-slip faults (Fig. 5B) . This scenario would dictate that the strike-slip faults cut down through the entire seismogenic crust, as is considered in most current hazard assessments. This solution is plausible for the Oceanside thrust. In this scenario, only the area of the Oceanside thrust west of this Newport-Inglewood-Rose Canyon strike-slip fault system should be considered as a possible earthquake source. In contrast, the location of the Oceanside earthquake indicates that the Thirtymile Bank thrust extends east of the San Diego trough fault (Fig. 4) , precluding the type of fault linkage shown in Figure 5B .
Alternatively, the thrusts may cut the strikeslip fault zones (Fig. 5C ). This solution would permit coeval activity on both types of faults and would yield two independent sources for each of the paired thrust and strike-slip systems. In the final scenario, the thrust and strike-slip faults may merge into a single structure at depth (Fig. 5D ). In this case, oblique slip on a deep fault would partition into pure thrust and strike-slip motion on the shallow faults. This linkage would imply that the combined areas of the strike-slip and thrust faults should be considered to determine maximum potential rupture areas. If the Oceanside thrust terminates in the Newport-Inglewood-Rose Canyon fault zone, as dictated in solution two, the thrust would have an area of 1890 km 2 . A rupture of this entire fault would generate an earthquake of M w 7.3. In contrast, if the Oceanside thrust extends through the Newport-Inglewood-Rose Canyon system, then it would have an area of 3180 km 2 , which could produce an event of M w 7.5. An estimated seismogenic area of 2516 km 2 for the Thirtymile Bank thrust would generate similar (M w 7.4) earthquakes. If the Oceanside thrust and NewportInglewood-Rose Canyon system are linked, as described in the last solution (Fig. 5D) , then the combined fault area (4393 km 2 ) could produce M w 7.6 earthquakes. This fault linkage scenario would not affect the magnitude estimate for the Thirtymile Bank thrust, because the San Diego trough fault is confined to sediments in the upper 2 km of the crust.
To estimate average recurrence intervals for these earthquake scenarios, we use minimum slip rates derived from terrace uplift (0.27 mm/yr for the Oceanside thrust), and maximum slip rates governed by the observed geodetic shortening (2.2 mm/yr for the Oceanside thrust; 0.96 mm/yr for Thirtymile Bank thrust). On the basis of these rates, M w 7.1 events on the Oceanside thrust limited to the extent of the San Joaquin Hills would occur every 600-4600 yr. M w 7.3 and 7.5 earthquakes on the greater Oceanside thrust would occur every 790-6400 and 1100-8800 yr, respectively. M w 7.4 events on the Thirtymile Bank thrust would have minimum repeat times of 2100 yr. For the M w 7.6 rupture scenario linking the Oceanside thrust and Newport-Inglewood-Rose Canyon faults, we must consider the oblique-slip rate that is resolved on the thrust and strike-slip faults. Onshore studies at San Diego Bay provide a slip rate of 1.07 ± 0.03 mm/yr for the NewportInglewood-Rose Canyon system (Rockwell et al., 1992) . This strike slip combined with the range of dip-slip rates on the Oceanside thrust (0.27-2.2 mm/yr) yields an oblique slip range of 1.19-2.91 mm/yr. On the basis of these ranges of oblique slip rates, M w 7.6 earthquakes would occur on average every 960-2300 yr. These rupture scenarios predict very large, but infrequent, earthquakes similar to those documented on other thrust faults in southern California (Rubin et al., 1998) . Alternatively, stress on the Oceanside and Thirtymile Bank blind thrusts could be released in smaller but more frequent events.
